Introduction
The grain filling process in cereals, especially in wheat, is well documented on the dry matter basis. Nutrient distribution in plant parts and remobilization during grain filling needs more explanation; this can be related to grain yield, quality, and stress tolerance. Although nitrogen (N) distribution among plant parts has been intensely investigated in wheat, there is limited information about other macronutrients, such as phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S). Nitrogen uptake or accumulation in the grain was positively associated with grain yield of winter wheat (Le Gouis et al., 2000) , and plant N content at both anthesis and maturity was related to grain yield in wheat (Umar and Iqbal, 2007) . The distribution of nutrients in plant parts can be affected by genotype, environment, and their interactions. Nutrient concentration and uptake by different plant genotypes or species are the most important criteria used in recent years for identifying the existing genetic specificity of plant mineral nutrition (Saric, 1987) . Nutrient concentration in plant organs changes with growth and development of the plant and decreases with increasing plant age. Normally, as a plant ages, nutrient concentrations expressed per unit dry weight decrease.
Environmental factors such as moisture supply, temperature, and light affect nutrient concentrations in plants. Some nutrients affect the absorption and utilization of other nutrients. It is important to measure nutrient interaction at the basis of growth response. When interaction is positive, the combined effects of the nutrients and total growth are greater than the sum of their individual effects. When interaction is negative, the combined effects are lower than individual effects.
Wheat, as a determinate plant, allocates photosynthetic products first to vegetative growth and spike and then later to grain (Brown, 1984) . Nutrient uptake by wheat was reported as 125 kg ha -1 N, 22 kg ha -1 P, 92 kg ha -1 K, 16 kg ha -1 Ca, 14 kg ha -1 Mg, and 14 kg ha -1 S when 8 t of dry matter was produced (Munson, 1982) . Grain-tostraw ratios of these nutrients are 1.5, 2.1, 0.15, 0.23, 1.8, and 0.55, respectively. The objective of this study was to determine macronutrient concentration and distribution in wheat during the grain filling period.
(Hatay, Turkey; 36°15′N, 36°30′E; 43 m altitude). Four bread wheat (Triticum aestivum) cultivars (Seri-82, Panda, Adana-99, and Genç-99) that have similar anthesis times and grain filling periods were used to study macronutrient concentration.
Meteorological data of the first and the second growing seasons with long-term average data are given in Figure 1 . In the first growing season, the rainfall for 30 days before sowing was 71.6 mm and total rainfall from sowing to physiological maturity was 390 mm. During the grain filling period, 50 mm of rainfall was recorded (Figure 2) . Soil physical and chemical properties of the experimental area are presented in Tables 1 and 2 for both growing seasons. According to soil analyses, total N and organic matter levels were low, while P 2 O 5 level was high.
The experiments were designed according to randomized completed block design with 4 replications. Doses of 8 kg ha -1 pure P 2 O 5 (with sowing) and 150 kg ha -1 N (as NH 4 NO 3 ; 50 kg ha -1 N at sowing and 100 kg ha -1 N at tillering) were applied. Sowing was performed with a Hege-80 sowing machine at 450 m 2 seed density. Plot size was 7.2 m 2 (6 rows, 20 cm apart). Phenological development was observed from emergence to physiological maturity according to the Zadoks growth scale (ZGS) (Zadoks et al., 1974) . In the second year, there had not been enough rainfall in the grain filling period, so it was irrigated (20 mm) at the beginning of the linear period (ZGS 75). Macronutrient analysis was performed on 100 main shoots of plants, which were labeled at anthesis and measured at ZGS 65, 72, 80 (86 for second year), and 89. Twenty labeled plant shoots were cut at soil level for each measurement time and separated into 7 different plant organs: lower stems, peduncles, lower leaves, flag leaves, rachises, florets, and grains. Plant organs were washed first with tap water, then later rinsed out with distilled water. Plant organs were dried at 70 °C for 48 h and then ground. Macronutrient analysis of the grains was performed on first-and second-order grains of spikelets found on the middle parts of spikes (Figures 3a and 3b ). All plant parts were grilled before chemical analysis. Total nitrogen was defined by the micro-Kjeldahl method. The P, K, Ca, and Mg concentrations in plant parts were determined by an inductively coupled plasma emission spectrometer. The data for each year were separately analyzed by analysis of variance using SPSS 16. 
Results
Nitrogen content decreased continuously during the grain filling period for 6 plant organs, excluding the grain (Figure 4) . A distinct decrease at the slope of the curve after ZGS 72 showed an acceleration in the rate of N remobilization among plant organs at the end of grain filling. The stability of N content at the grain also proved that nitrogen accumulation continued simultaneously with dry matter accumulation. The highest N content throughout all measuring times was found at the lower leaves and flag leaves, while the lowest N level was detected at the lower stems and peduncles. P content of all plant organs, except the grain, decreased significantly throughout the measuring stages over 2 years, but the rate of decrease was very slow for lower stems in the second year ( Figure 5 ). Grain P content showed an increase at the late grain filling period in both years. Genotypes showed similar curves for P changes.
K content after anthesis decreased gradually towards the end of the grain filling period for lower stems and leaves, flag leaves, and florets in both years ( Figure 6 ).
Grain K content increased significantly until grain maturity and final K ratios were similar for both years, although preliminary K content of the first year was 64% lower than that of the second year. Genotypic behavior for K accumulation or movement was similar for all investigated plant organs. The highest decrease from anthesis to grain maturity among plant organs was observed in stems, with the rates of 75% and 62% for the first and second years, respectively.
Ca content decreased slightly from anthesis onwards in lower stems and peduncles, while a constant satiation was observed in lower and flag leaves (Figure 7) . However, Ca content in florets and rachises increased significantly from ZGS 72 to grain maturity. Ca concentrations in grains declined from ZGS 73 to ZGS 80-86 and later accumulation increased at grain maturity. Ca content in peduncles, flag leaves, and grains increased or decreased depending on genotypes during the grain filling period. Grain Ca content decreased between ZGS 72 and ZGS 80 or 86 for both years. Plant leaves had the highest Ca content among plant parts.
The curve of Mg content differed for each plant organ and sampling time, as well as for genotypic differences (Figure 8 ). Mg content decreased continuously for lower stems and peduncles, and the rate of decrease was very high between ZGS 65 and ZGS 72 in peduncles. The decrease of Mg content was very low for lower leaves; genotypic differences among flag leaves genotypic were also present. Both Mg content decreases and increases in florets were observed together with genotypic variations. Mg content at rachises rapidly increased between ZGS 65 and 72, then later decreased at the same rate between ZGS 72 and ZGS 80-86 and continued to decrease at a slow rate until ZGS 89. Mg content in grains increased until grain maturity, though with genotypic differences.
Final macroelement contents of grains were 2.55%, 0.25%, 0.16%, 0.13%, and 0.05% for N, P, K, Mg, and Ca, respectively (data not shown). Apart from the grain weight, the highest means of dry matter over 2 years were generally obtained at ZGS 72 for all organs. The content of macroelements dropped between ZGS 72 and maturity for most of the plant organs, apart from the grain weight. The exceptions to this decrease were peduncles and rachises for K and peduncles, florets, and rachises for Ca. Genotype Seri-82 had the highest P, K, Ca, and Mg remobilization capacity from plant organs to grain, while Panda had the highest N remobilization (data not shown). However, the grain macronutrient content of Seri-82 was lower than that of the other genotypes. The correlation coefficient between final grain macronutrient contents and remobilization rate was significantly negative. The rate of genotypic effects in total variation changed among macroelements and plant organs (data not shown). Genotypic effects for grain were 4%, 25%, 16%, 7%, and 21% for the macroelements of N, P, K, Ca, and Mg, respectively. Genotypic effects were reported as 7% and 21% for Ca and Mg, respectively (Saric, 1987) . The same calculations for flag leaf were 20%, 9%, 43%, 12%, and 30% for N, P, K, Ca, and Mg, respectively. However, the reports of Saric (1987) for leaves were 9%, 6%, 18%, 16%, and 57% for the same elements. During grain filling, N content of nongrain tissue generally decreased while grain N content increased. Similar results were reported by Fageria (2004) . Decreases in leaf and stem macronutrient content after flowering were not generally related to remobilization of macronutrients from the leaves and stem to the spike from flowering to maturity, because the total decrease was higher than the increase at the spike. Concentrations of macronutrients in most organs of wheat plants decreased with increasing plant age, except the grain (Figures 4-8) . This may occur with increasing plant age, since the production of dry matter dilutes the concentration of accumulated nutrients (Fageria, 2009 ). The decrease was faster for N and P (Figures 4 and 5 ). This is supported by the findings of Maier et al. (2002) , who demonstrated that mobile nutrients such as N, P, and K usually show a decline in concentration with the advancement of plant age in potato.
Soil moisture has an important role in the movement of nutrients to roots and to other plant parts. Although the temperature in the second year of the study was warmer and rainfall was lower than in the first year, this stress was eliminated by supplementary irrigation during the grain filling period. Hence, the macronutrient concentration was generally similar throughout the grain filling, except in lower shoots. However, most of the macronutrients had higher concentrations at anthesis in the first year than the second year, but this was compensated until grain maturity in both years. N, P, and K concentrations of leaves at anthesis were 41.5, 1.2, and 3.73 g kg -1 , respectively (data not shown). These values were high for N, adequate for P, and deficient for K according to approximate nutrient concentrations predicted by Reuter (1986) for wheat leaf. The P and Mg concentrations in flag leaves (0.3 and 1.5 g kg -1
, respectively) and grains (2.5 and 1.3 g kg -1 , respectively) measured at maturity confirm the findings of Merah's (2001) work with durum wheat, while our K concentration was much lower in leaves and grains (1.8 and 1.5 g kg -1
, respectively) than Merah's values. Final grain nutrient rates in total plant nutrients were similar for N, but at least 2 times higher than in the report of Fageria (1990) . Grains had over 65% of the N, P, and Mg content of the whole plant, as well as 23%-37% of Ca and K content. These results were similar with the finding of Hocking (1994) for N and P, and higher than those for K, Ca, and Mg.
The remobilization rate to grain from ZGS 72 to maturity was 65.2%, 39.8%, 100.0%, 100.0%, and 38.9% for N, P, K, Ca, and Mg, respectively. Based on these results, all macronutrients would be accepted as phloem-mobile. K and Ca seemed to be more mobile than the others. Our N-remobilization rate was at the lower limits of the reports of Smith and Whitfield (1990) and Palta and Fillery (1995) . Efficiency of macronutrient remobilization is an important mechanism for increasing grain yield, grain N content, and quality. Additionally, total N, P, and Mg concentrations in plants showed an increase from ZGS 72 to grain maturity. These increases may be more valuable when emphasized as cultivar-based. Umar and Iqbal (2007) reported significant differences among wheat genotypes in N losses and gains from anthesis to maturity; the genotypes that had high N accumulation after anthesis had high harvest indexes and N-use efficiency. Significant relations among micronutrients may be valuable tools when direct selection for any high nutrient concentration is difficult due to high genotype × environment interactions (Oury et al., 2006) . In this case, if efforts are focused on the nutrient that has low genotype × environment interactions, indirect selection success for the other nutrients can be obtained. Significant relations among the P and K and Mg contents of grain can be manipulated by wheat breeders for different aims, like nutritional quality, yield relations, and healthy plant development.
Nutrient concentrations in all plant parts of wheat decreased during grain filling, except for Ca content. The capacity of wheat to redistribute nutrients to the grain will be a critical trait when nutrient uptake is severely restricted by biotic stress in the grain filling period. In the current study, the genotypes that have high remobilization capacities can be evaluated in breeding programs as genitor sources. Information about nutrient concentration at grain filling would be important for improving yield and micronutrient concentrations.
